In this paper a numerical study is presented for the effect of the settings of the suspension parameters of a road vehicle for the ride comfort. The chassis of the IK GMC midibus model is investigated as an example. The suspension parameters are represented by hard springs and dampers. By the appropriate choice of the suspension parameters it can be achieved that the influence of the dynamical forces is minimal for the oscillation of the carbody and for the dynamically computed internal forces, respectively. The nonlinear constrained optimization models provide appropriate tools to investigate the effect of the suspension parameters for the average acceleration and displacement of the chassis, respectively. Keywords chassis · suspension parameters · stochastic loading · mathematical programming · sensitivity analysis Acknowledgement This work is connected to the scientific program of the "Development of quality-oriented and harmonized R+D+I strategy and functional model at BME" project.
Introduction
The dynamic analysis, optimization and its tools play a very important aspect in all fields of vehicles and traffic research [1, 2, 8, 11, 16] . The settings of the suspension parameters of commercial vehicles are a very intensively investigated topic [17] . A special study was presented in [3] where a large variety of studies and up-to-date techniques were developed for vehicle seats used by different types of transportation system such as cars, trucks, tractors, trains and aircrafts. Computational procedures and optimization of the dynamic behaviour of passively or actively suspended road vehicles are investigated in [4, 5, 7, 9, 12] .
The cushioning material in a vehicle seat plays a dominant role in supporting operator posture, isolating vibration and improving ride quality. Vibration attenuation in a tractor seat is achieved by selecting proper suspension and damping mechanism. Several commercially available seat cushion materials of different densities, thickness and compositions were studied in [6] . This paper is a revised and extended version of the VSDIA Conference presentation of Szőke et al. [15] . The aim of this paper is to present a numerical model and computational procedure for the effect of the settings of the suspension parameters of a midibus for the ride comfort. The carbody/chassis of a vehicle is supported through the elastic components (hard springs, dampers, tires) of the axle/wheel suspension system on the irregular surface of the road. The irregular road surface causes time dependent kinematical loading process [10, 14] during the motion of the vehicle. By the appropriate choice of the suspension parameters it can be achieved that the influence of these forces is minimal for the oscillation of the carbody and for the dynamically computed internal forces, respectively.
The estimation of the optimum parameters is presented by using the FEM model of a midibus. The solution to the problem requires a very effective analytical computational procedure which is capable to compute the dynamical parameters (acceleration of the oscillation, internal forces, stresses) of the thousands degree of freedom structure on the one hand and the objective function can be generated by using of these parameters, on the other. Moreover an optimization algorithm is also necessary for the constrained optimization.
In the case of a given vehicle or its numerical model the type of road, the pay load and the speed of the vehicle are variables, which fundamentally influence the parameters of the structural dynamics of the vehicle considered. These types of operational loading are described by a stochastic process [14] . In this way it is advised to use sensitivity analysis, which concentrates on the effect of system parameters (structural model, loading) concerning the sensitivity of the objective function.
Problem determination

Requirements of the suspension system
The elastic components of the suspension of a vehicle are: tires, hard springs and dampers. These elements have well defined characteristics (usually they are given by linearized parameters) in the case of a given type of vehicle. The irregular road surface causes time dependent stochastic kinematical loading (extended by accidental loading, such as an intersection with rail roads) which depends on the statistical characteristic (surface type, material, etc.) of the road and the speed of the vehicle. In case of commercial vehicles (trucks, buses) the payload can be varied in a significant interval. Due to this fact the elements of the suspension system have to be loading dependent controlled (air-springs). Controlled active or semi-active suspension systems can be applied if there are altering circumstances and requirements, as well. Unfortunately, they can be used only in research projects due to the high cost and energy requirement. In that case the applied mechanical model of the vehicles has low degree of freedom (a quarter of the vehicle is considered) and the discrete road effects (intersection with rail roads) are not considered fully [7, 9] .
There is no energy demand if the characteristics of the suspension systems are changed according to the parameters (speed, type of the road, pay load) of the stochastically altering excitation to reach the optimal oscillations (comfort, stability). Application of dampers and air-springs (opening or closing valves) are the most suitable practical solution in that case. The numerical interpretation of these mechanical models are more complex: 2D or 3D rigid-body models, elastic beam model of the chassis are applied with the extension adaptive controllers [12, 13] .
The recent FEM models of the vehicles have thousands of degree of freedom in dynamical calculations and there is a demand to determine the "optimal" characteristics of the suspension system.
In the following the estimation of the optimal parameters of the suspension system is presented by use of a FEM model of a midibus. The numerical model consists of two main parts: an analytical one for the calculation of the structural dynamics quantities (accelerations, internal forces, stresses,. . . ) and a constrained optimization part where the objective function is generated by the use of the computed quantities.
Mechanical and mathematical modellization
The well-known procedures to road profile simulations in general use the real coherence function instead of the complex cross-spectra, consequently the simulated autospectrum function and standard deviation approach are only the target ones. The first author presented a method where the above-mentioned procedures are improved by the consideration of the nature of these cross-spectral characteristics [14] . As a result, the simulated tracks computed by the improved procedure represent exactly the target standard deviation and autospectrum function. The applicability and effectiveness of the discussed procedure were demonstrated by the analysis of measured data of a Hungarian highway. In the following this type of kinematic loading is considered [14] . Neglecting the details the road profile realisations of the two tracks with the assumptions that the rear wheels exactly follow the front ones can be determined as follows:
(1) and
Here G( f ) is the spectral matrix of the tracks and the crossspectra is represented by its off diagonal elements. γ ( f ) is the coherence function. β( f ) is the phase angle and i denotes the imaginary unit.
, independent random variable (phase angle) uniformly distributed between 0 and π. t is chosen by the consideration of the Nyquist frequency, that is f N y = 1/(2 t). C is a calculated value, but very often it is 1 [14] .
As it is mentioned a FEM model of a midibus (IK GMC model) is used to demonstrate the numerical procedure. The model can be seen in Fig. 1 . The tires, the hard springs and the dampers are substituted by appropriately linearized spring and damper elements, respectively. The internal damping of the chassis is assumed to be proportional with the rigidity of the carbody [13] . The speed of the vehicle and the road type are given. The analysis is based on the following equation system:
Here M, C and K are the mass, damping and stiffness matrices of the midibus model, respectively. The external load due to the kinematical effects is denoted by F(t) and z(t) is the unknown vector of the nodal displacements. By the use of the solution (absolute or relative displacement of given points) of Eq. (3) different physical quantities (velocities, accelerations, stresses,. . . ) can be derived as statistical response of the structure what are used to construct the objective function of the optimization procedure. Among the elements of the suspension system the characteristics of the hardsprings and the hydraulic dampers can be altered in the easiest way. Since opening or closing valves are the practical solution in case of vehicles to alter the rigidity of the hardsprings and damping coefficients it is enough to find the optimal characteristics of these parameters (in our problem it means to find 2·2 parameter val- Fig. 1 ). Because it is advised that these parameters should be in a given range (40% of the factory values) a constrained mathematical programming problem has to be solved. Structural dynamics point of view the acceleration of the chassis and its variation are the best quantities which can be used to approximate the comfort feeling of the passengers and the dynamical internal forces. In this way the mathematical programming problem can be constructed as follows:
with altering the values of the dampings and rigidities, respectively.
Here the objective function E{D(ż i ) i=1,··· ,N } means the average of the variance of the acceleration of the nodes of the FEM model of the chassis, N is number of the nodes, m is the number of the suspensions.
Numerical example
On the basis of our theoretical investigations and numerical simulations the following FEM model (Fig. 1 ) and loading were considered:
• 325 nodes, 550 finite elements (beam and shell elements),
• speed: 10 m/s ,
• type of the road: asphalt with 1 cm variance.
To construct the objective function in Eq. (4) the acceleration spectrums (PSD) of the nodes have to be computed. Modal condensation is applied with discrete damping elements in the numerical procedure [13] . By the help of this method the computational time of the construction of the objective function does not depend on the number of the nodes significantly. To speed-up the numerical calculation a sensitivity analysis is advised. Here a simplified investigation was performed to examine the change of the objective function due to the variation of the 4 suspension parameters. The sensitivity function is constructed in a way to allow 10 % change of the suspension parameters (K 1 , C 1 , K 2 , C 2 ) which makes a surface consisting of 9 4 (≈6600) points. The CPU time is cc. 80 minutes on a PC (P4 processor) using the MATHLAB software.
The variation of the nodal accelerations due to the change of the suspension parameters can be seen in Fig. 2 (acceleration  sensitivity) .
Fig. 2. Variation of the accelerations
One can see that:
• the influence of the rear damper (C 2 ) is the most significant one and the effect is unambiguous,
• the influence of the front damper (C 1 ) is less significant and the trend is variable,
• the "optimal" parameter values are located at the border of the given domain (or near),
• the objective function is rather flat which can make difficulties during the optimization procedure.
Same conclusions can be obtained if the variation of the nodal displacements due to the change of the suspension parameters are pictured (Fig. 3 displacement sensitivity) .
• Naturally the influence of the dampings is the opposite.
• There are several methods to conduct the optimization procedure and here the OPTIM toolbox of the MATHLAB is used with applying the FMINCON and FMINIMAX algorithms. Both procedures lead to the same results and 5-6 or 8-9 major iterations are necessary for obtaining the optimal solution, respectively. These iteration numbers are significantly less than the 9 4 steps during the sensitivity analysis. The variation of the nodal accelerations of the carbody due to the change of the suspension parameters can be seen without and with optimization in Fig. 4 . The design variables are the 4 suspension parameters. The optimal solution is the reference values with the following modifications of the factory settings:
Due to these modifications the average acceleration of the carbody is decreased by 18% ( f 0 = 222.6493 cm/s 2 , f min = 182.0372 cm/s 2 ). One can see in Fig. 4 that the variances of the nodal accelerations are decreased, as well. The applicability of the optimization procedures and algorithms can be proved by the fact that the optimal solution is in good agreement with the result (estimations are f est1 = 182.2121 cm/s 2 and f est1 = 182.2669 cm/s 2 -a part of the diagram can be seen in Fig. 5 ) of the parameter "cutting" method (9 4 steps). It was investigated that only the two dampers are the design variables in the optimization procedure with the allowance of dC i = 80% which are extreme damping. The variation of the nodal accelerations of the carbody due to the change of the characteristic of the dampers can be seen in Fig. 6 without and with optimization. The optimal solution is: f min = 184.4168 cm/s 2 ,
One can see that the optimum of two parameters is near to the optimum of four parameters, but in this case the transient oscillation "answers" of the chassis are not damped sufficiently for the accidental surface problem which may cause decrease in the stability of the vehicle.
Theoretically it is possible to alter the internal damping of the chassis, as well. The optimal solution of this 5 parameter optimization problem can be seen in Fig. 7 . The optimal solution is: f min = 164.4926 cm/s 2 ,
These results confirm the applicability of the elastic beam model [13] which can be seen in Fig. 8 . By increasing the internal damping the elastic carbody becomes more rigid which fundamentally determines (or may determine) the decreasing of the acceleration of the chassis. With a small modification the vertical displacements of the nodes can be used as components of the objective function in problem (2) . The optimal solution can be seen in Fig. 9 . One can see that the characteristic of the suspension parameters should be modified partly in different directions (dC 1 = 0.4C 1 , dC 2 = 0.4C 2 , d K 1 = −0.4K 1 , d K 2 = −0.4K 2 ).
Conclusion
On the basis of our theoretical investigations and numerical simulations, the following conclusions can be drawn:
• the operation of the vehicle can be approximately described by using simplified stochastic model,
• the stochastically loaded structural optimization problem was solved, Fig. 9 . Variation of the displacements of the nodes
• the introduced algorithm provides an appropriate tool to estimate the optimal suspension parameters in the case of given loads with thousand degree of freedom,
• the algorithm is rather stable and provides the convergence to reach the optimum,
• the selection of the objective function fundamentally affects the optimal solution.
